Binding studies of cocaine, imipramine and the SSRIs, paroxetine and citalopram, indicate the existence of more than one binding site on the SERT. Cocaine, citalopram and imipramine act as competitive inhibitors of 5-HT reuptake (Barker and Blakely, 1995; Sur et al., 1998 ).
Paroxetine does not bind at the 5-HT recognition site and seems to inhibit reuptake by allosteric modulation of the transporter (Akunne et al., 1992) .
Cocaine is nonselective and inhibits reuptake of 5-HT, dopamine and noradrenaline (Barker andBlakely, 1995) . Imipramine also inhibits noradrenaline reuptake by the noradrenaline transporter (NET), but has slightly lower affinity for NET than for SERT.
SSRIs have from 300 to 3500 times higher binding affinity to SERT than to NET (Tatsumi et al., 1997) . S-citalopram is a highly SERT-selective compound, and about 30-fold more potent as a 5-HT reuptake inhibitor than its enantiomer, R-citalopram (Hyttel, 1994; Owens et al., 2001 ).
SERT, DAT and NET belong to the sodium:neurotransmitter symporter family (SNF) of proteins, that act as co-transporters of sodium ions, chloride ions and transmitter molecules (Barker andBlakely, 1995) . A sodium gradient across the cell membrane provides energy for an inward movement of the transmitter molecule, as part of the regulatory mechanisms for the neurotransmitter. The SNF transporter family belongs to the larger group of secondary transporters, which is predicted to have a molecular structure with 12 transmembrane α-JPET #54593 5 helices (TMHs) and the amino-and carboxy terminals localized intracellularly (Chen et al., 1998; Kaback and Wu, 1997; Reizer et al., 1994; Rothman et al., 1996) . The sequence identity within the SNF family is 40-90% (Reizer et al., 1994) .
The human SERT is a membrane protein with 630 amino acids (Ramamoorthy et al., 1993) . The region including the N-terminal and TMH1 is more conserved within the SNF transporter family than the subsequent segments. Hydropathy plots of SNF protein sequences indicate that this region has a hydrophilic character and appears to be an amphipatic "-helix with several conserved polar residues localized at one side of the helical axis (Reizer et al., 1994) . This region was predicted by the Swiss-Prot database prediction service (Bairoch and Apweiler, 1999) to be TMH1. Functionally important residues for ligand interactions of SERT and DAT are situated this region. These include Asp98 (Barker et al., 1999) and Tyr95 (Barker et al., 1998) in SERT, and Asp79 (Kitayama et al., 1992) and Phe76 (Lin et al., 1999) in DAT.
No detailed 3-dimensional molecular structure of any SNF protein has been reported. The secondary transporter proteins include the Na + /H + antiporter (NhaA) and the lactose permease symporter (lac permease). An electron density projection map of the Escherichia coli NhaA (Williams, 2000) has confirmed a topology with 12 membrane spanning domains. Site directed mutagenesis studies and biophysical studies on lac permease also indicate 12 TMHs (Kaback andWu, 1997). Based on the hypothesis that the E. coli NhaA, the E. coli lac permease and the mammalian SNF proteins all belong to a common protein folding class, the electron density projection map of NhaA (Williams, 2000) provides an experimental basis for construction of 3-dimensional molecular models of SERT, NET, DAT and other secondary transporters.
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We have previously proposed a complete model of the DAT based on the NhaA projection map (Ravna et al., 2003) . In the present study, a molecular model of the entire SERT molecule and a 12TMH model of NET were constructed in a similar way. S-citalopram and cocaine were docked into putative binding sites in the SERT, NET and DAT models, in order to examine the molecular mechanisms behind the differences in their binding affinities. Rcitalopram was docked into the putative SERT binding site in order to explain the difference in binding affinity between the two enantiomers of citalopram.
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Methods
Computational procedures. The MIDAS plus software (Ferrin et al., 1988) was used for interactive molecular graphics, and the AMBER 5.0 program package (Cornell et al., 1995) was used for empirical force field calculations of molecular structures. Energy minimisations were performed by 500 cycles of steepest descent minimization followed by 2000 steps of conjugate gradient minimization, or until convergence with an energy gradient difference between successive steps of 0.0001 kcal/mol for the ligands, and 0.02 kcal/mol for SERT and the transporter-ligand complexes. A distance dependent dielectric function (ε = 4r ij ), where r ij is the distance between atoms i and j, and a 15 Å cutoff radius was used in molecular mechanics calculations of 3-dimensional structures and in molecular dynamics (MD)
simulations. Molecular dynamics are thermally driven molecular movements, which are important for the activity and mechanisms of biologically active molecules (Karplus and McCammon, 2002) . The present MD simulations were done as a means of structural refinement, since the addition of thermal energy allows the structure to move over potential energy barriers during the simulations. In order to increase the strength of the hydrogen bonds in the 12 TMHs during MD refinement of the SERT model and of the SERT-ligand complexes, the backbone O-N intramolecular helical interactions, excluding proline residues, were restrained with a constant of 5.0 kcal/mol during the energy calculations. Similar strategies for constraining transmembrane helices, together with a dielectric constant of 4 and a distance dependent dielectric function (ε = 4r ij ), has also been used in previous MD studies of membrane proteins ). The SERT model was subjected to 30 ps of MD with 'gradual heating' (0 -300 K) followed by 150 ps of MD simulation at 300 K.
Ligand molecules. The chemical structures of citalopram and cocaine are shown in Fig. 1 .
Atomic coordinates, point charges and empirical force field parameters for the molecular JPET #54593 8 mechanics calculations were taken from previous molecular modeling studies (Ravna and Edvardsen, 2001; Ravna et al., 2003) .
Construction and refinement of the SERT model. The SERT model was constructed from a model of NhaA ) and the coordinates of a recent model of DAT (Ravna et al., 2003 ) .The NhaA model, which was based on the electron density projection map of E. coli NhaA (Williams, 2000) , was used to generate the transmembrane part of the DAT model (Ravna et al., 2003) . The loops and terminals of DAT were constructed from multiple amino sequence alignments of SNF proteins, secondary structural predictions, loop searches in the Protein Data Bank (PDB) database (Berman et al., 2000) and experimental ligand binding studies of SERT and DAT. The SERT model was constructed from the DAT model (Ravna et al., 2003) by substituting the amino acids of DAT into the corresponding amino acids of SERT, according to a previously published amino acid sequence alignment (Ravna et al., 2003) .
Deletions in the SERT sequence aligned to the DAT sequence, in the extracellular loop between TMH3 and TMH4 (5 residues) and 7 residues in the carboxy terminal were removed from the DAT coordinate file. Insertions in the SERT sequence aligned to the DAT sequence, three single amino acids and one triplet of amino acids, were added and connected to the existing loop conformations in the pdb file. An initial 3-dimensional model of the first 16 amino acids in the amino terminal of SERT was obtained from the PDB database (Berman et al., 2000) .
The side chains of the entire model were energy minimized, followed by 50 ps of MD simulation at 300 K. Refinement of the loops was performed by energy minimization with constrained TMHs, followed by 30 ps of MD with gradual heating from 0 to 300 K during the simulations. The entire model was then energy minimized and subjected to 30 ps of MD with JPET #54593 9 gradual heating (0 -300 K) followed by 150 ps of MD at 300 K, giving a total of 180 ps simulation. Backbone O-N intramolecular helical interactions were restrained during calculations with the entire model. The average structure from coordinates sampled each ps during the last 50 ps of the MD refinement was calculated using the CARNAL module of the AMBER program package.
Construction of the 12 TMH NET model. A model of the 12 TMHs of NET was
constructed using the SERT model as a template, by substituting the amino acids the transmembrane segments of SERT into the corresponding amino acids of NET, according to the amino acid sequence alignment (Ravna et al., 2003) , and removing the loop-and terminal segments from the coordinate file. The 12 TMH NET model was energy minimized.
Docking and refinement of SERT-ligand interactions. Several putative binding
positions for S-citalopram and cocaine in the SERT model were considered. However, the two positions for each ligand that were most in agreement with results from previous site-directed mutagenesis studies (Table 1) DAT-ligand docking. In order to examine the molecular interactions responsible for the differences in binding affinities of cocaine and S-citalopram to SERT and DAT, these ligands were also docked into the DAT model (Ravna et al., 2003) using Asp79 as an anchoring point, and similar positions as used for SERT. The docking of cocaine into the DAT model was performed as described in a previous DAT modeling study (Ravna et al., 2003) .
NET-ligand docking. S-citalopram and cocaine were docked into the putative binding area of the NET model in positions analogous to the docking positions for SERT using Asp75
as an anchoring point, in order to examine why S-citalopram binds selectively to SERT while cocaine is nonselective.
Results
The average SERT structure calculated from all coordinate sets observed between 130 ps and 180 ps of MD simulation is shown in Fig. 2 .
In the model a pore is formed between TMHs 1, 3, 4, 5, 7 and 11, and possibly TMHs 2, 8
and 12 (Fig. 3) . This pore might represent a 5-HT translocation pathway and ligand binding area.
During 150 
S-citalopram-DAT and cocaine-DAT interactions. The nitril group of S-citalopram was
close to Phe76, which corresponds to Tyr95 in SERT. Cocaine also interacted with Phe76, forming a hydrophobic interaction between the benzene ring of this amino acid and the tropane ring of cocaine. Both ligands interacted with Asp79 (TMH1), Tyr252 (TMH4) and Tyr274 (TMH5) of DAT.
S-citalopram-NET and cocaine-NET interactions. Docking of S-citalopram and cocaine
into the putative binding area of NET in positions analogous to 1 for SERT ( Fig. 1 ) indicated that both ligands formed salt bridges with Asp75, which corresponds to Asp98 in the SERT structure (Fig. 5) . In NET the amino acid residue corresponding to Tyr95 in SERT is Phe72.
As observed in the docking of S-citalopram in DAT, the nitril group of S-citalopram and the tropane ring of cocaine interacted with Phe72. Both ligands interacted with Tyr249 (TMH4) and Tyr271 (TMH5).
13

Discussion
The present SERT model was based on an assumed structural resemblance between the SNF transporters and NhaA . These transporters share a common functional mechanism, using an ion gradient as energy source for translocation of molecules against a concentration gradient, which supports the assumption of a common folding motif.
However, this has not yet been confirmed, and it should be noted that the sequence identity within the transmembrane regions between NhaA and the SNF proteins SERT, DAT and NET is rather low (8-11%). However, the sequence identity within the transmembrane regions between G-protein coupled receptors (GPCR) and bacteriorhodopsin is 6-11% (Hibert et al., 1991) , and in a similar way, an electron density projection map of bacteriorhodopsin was successfully used as a template in early molecular models of GPCRs (Hibert et al., 1991) before the rhodopsin structure was available. The X-ray structure of the GPCR rhodopsin (Palczewski et al., 2000) confirmed that these proteins share a similar overall 3-dimensional folding pattern with 7 TMHs, and showed that using bacteriorhodopsin as a template was a reasonable approach for the initial models of GPCRs.
No X-ray structures of structurally related proteins are available as a template for modeling of secondary transporter proteins. The recently published X-ray structures of the E. coli (TMH4), Tyr289 (TMH5) and Phe551 (TMH11) ( Table 1) . The loops and terminals were included in the present SERT and DAT models in order to get a more correct distribution of masses and electrostatic fields in the simulations than in a model of only the TMHs.
Docking of S-citalopram and cocaine into the putative binding area of the SERT model indicated that both ligands participate in hydrogen bonds with Tyr176 (TMH3), Tyr267
(TMH4) and Tyr289 (TMH5). Similarly, a hydrogen bond interaction between the benzoate carboxyl of cocaine and the hydroxyl group of a tyrosine residue has been demonstrated in the crystal structure of a bacterial cocaine esterase complex (Larsen et al., 2002) . In the present SERT model, the benzoate carboxyl of cocaine interacted with Tyr267 in docking position 3 and Tyr289 in docking position 4 (Fig. 1) . The positively charged nitrogen atoms of both ligands interacted with Asp98 and created a salt bridge, and a dipole-dipole interaction of the nitril group of S-citalopram and Tyr95 was observed for both docking positions. There was a hydrophobic interaction between the benzene ring of Tyr95 and the tropane ring of cocaine. It JPET #54593 15 has been demonstrated, using the high affinity fluorescent cocaine-analogue, RTI-233, that the cocaine interaction area in SERT is highly hydrophobic (Rasmussen et al., 2001) .
Hydrophobic residues in the binding area of the SERT model are Ile172, Met180 (TMH3), Met260, Phe263 (TMH4), Ala285, Leu292 (TMH5) and Phe551 (TMH11). Met180 has recently been proposed to be part of a citalopram binding pocket in a cross-species analysis comparing human and bovine SERT (Mortensen et al., 2001) . In the present SERT model, Met180 was located in the binding area and directly involved in binding of S-citalopram.
The importance of S-citalopram binding to Tyr95 in SERT has been experimentally demonstrated with a Tyr95Phe mutant (Barker et al., 1998) . The present models of Scitalopram interacting with DAT and NET were in agreement with this hypothesis. The amino acid residue corresponding to Tyr95 in SERT is Phe76 in DAT and Phe72 in NET (Table 2) . The role of Tyr271 (TMH5) as a determinant for cocaine binding to NET has been confirmed by site directed mutagenesis studies (Paczkowski and Bryan-Lluka, 2001 ).
However, the roles of Tyr249 and Phe531 in cocaine binding to NET is unclear. The corresponding amino acids in human DAT, Tyr251 and Phe534 (~ Tyr533 in rDAT) are involved in cocaine binding as shown by site directed mutagenesis studies (Kitayama et al., JPET #54593 16 1996; Mitsuhata et al., 1998) , while involvement of Tyr249 and Phe531 in cocaine binding to NET not has been confirmed (Paczkowski andBryan-Lluka, 2001 ).
When comparing the docking of the two citalopram enantiomers into SERT, S-citalopram fitted well into the binding area in positions 1 and 2. In position 1 R-citalopram was hindered sterically by overlap between the phenyl group of R-citalopram and Phe263 in TMH4 (Fig   4c) . In position 2, the R-enantiomer did not have contact with Ile172 in TMH3, which the Senantiomer had. S-citalopram also had van der Waals contact with Phe263 and Met260 in TMH4 in position 1, and with Ile172 in TMH3 in position 2. This may explain why Rcitalopram is about 30-fold less potent than S-citalopram as a 5-HT reuptake inhibitor (Hyttel, 1994; Owens et al., 2001 ).
The ligand binding area in SERT was modeled from experimental results from studies of cocaine and citalopram binding to mutated SERT and DAT proteins (Table 1) . However, the interpretation of such site directed mutagenesis data is not unambiguous, since the results do not show whether the observed effects are due to direct disruption of side chain-ligand interactions, or caused by overall structural changes of the binding region induced by the mutations.
According to studies on lac permease, the 12 TMHs of secondary transporters may be loosely packed in an active state associated with transport of substrate molecules. Water molecules are likely to be present in the cavities, and widespread co-operative conformational changes including sliding and tilting motions of the TMHs may occur during ion and substrate transport (Kaback andWu, 1997). Therefore, the SERT transport mechanism may involve several conformational changes in the transporter, both in TMHs and in loop segments.
Several experimental studies provide support for the involvement of TMH1 (Adkins et al., JPET #54593 17 2001), TMH3 (Chen et al., 1997) and TMH7 (Kamdar et al., 2001; Penado et al., 1998) in SERT and DAT substrate recognition and transport.
Explicit water molecules or membrane phospholipids were not included in the calculations, since the present transporter models have a relatively low level of accuracy. The omission of solvation and membrane molecules may influence the structure and dynamics of the transporter models. In order to compensate for this, calculations were performed with a qvhprÃqrrqrÃqvryrpvpÃspvÃ Ã2Ã#ÃhqÃuqtrÃiqvtÃrhvÃÃUHC
Structural information about SERT and its molecular interactions with cocaine and citalopram is important for understanding the molecular mechanisms of action of these drugs and for development of drugs with improved potency and selectivity. The present model may be used as a tool for designing of further experimental structural studies of SERT, DAT, NET and their ligand interactions.
In conclusion, the interaction of the nitril group of S-citalopram with Tyr95 of SERT might explain why S-citalopram has higher affinity for SERT than for DAT and NET. Sterical hindrance between the phenyl group of R-citalopram and Phe263 may explain why Rcitalopram is 30-fold less potent than S-citalopram as a 5-HT reuptake inhibitor. The tropane ring of cocaine interacted with the benzene rings of Tyr95 in SERT and also with the corresponding phenylalanines in NET and DAT, which may explain why cocaine has relatively high binding affinities to all three transporters.
Coordinates of the SERT, NET and DAT models are available from the authors upon request. Cocaine/CFT (Lee et al., 2000) 4 rDAT Tyr251 Tyr267 Cocaine/CFT (Kitayama et al., 1996) 5 rDAT Tyr273 Tyr289 Cocaine/CFT (Kitayama et al., 1996) 11 rDAT Tyr533 Phe551 Cocaine/CFT (Mitsuhata et al., 1998) 
